. This is the most difficult injection engie to model due to the fuel flow dynamics in the intake manifold. The figure shows the basic sytems to be modelled: the fuel film dynamics in the intake manifold; the air mass flow past the throttle plate into the volume V, between the throttle plate and intake valves; the engine displacement volUme, Vd which drives the crank shaft inertia and load dynamics. The instantaneous subsystem equations must be as simple as possible without doing violence to physical reality. Such equations contain a minimum of fitting parameters and facilitate global fitting accuracy.
simple to fit to a given engine either on the basis of measurements or given the steady state results of a larger cycle simulation package. The model can easily be run on a Personal Computer (PC) using a ordinary differential equation (ODE) integrating routine or package. This makes the model is useful for control system design and evaluation.
Introduction
Mean value engine models seek to predict the mean values of the gross external engie variables (f.ex. crank shaft speed and maifold pressure) and the gross internal engine variables (f.ex. thermal and voKlumetric efficiency) dynamicaly in time. The time scale of this description is much longer than a single engine cycle and much shorter than the time required for a cold engine to warm up (1000 cycles or so). The time resolution of the model is just adequate to describe accurately the change of the mean value of the most rapidly changing engine variable.
Often tnme value SI engine models found in the literature are too incompletely documented to judge their overall accuracy or are specialized to study a particular physical or control problem. In contrast to earlier efforts, the mean value SI model here is designed to be applicable to all of an engine's important subsystems over it's entire operating range. It should also to be applicable to central fuel injection (CFI), simultaneous multipoint injection (EFI) and sequential fuel injection (SEFI) engines. Moreover its accuracy is documented over the entire operating range of the engine. The model to be presented here is based on experimentally obtained data.
Engine Diagram
A schematic block diagram of a four-cycle CFI SI engine is presented in figure 1 . This is the most difficult injection engie to model due to the fuel flow dynamics in the intake manifold. The figure shows the basic sytems to be modelled: the fuel film dynamics in the intake manifold; the air mass flow past the throttle plate into the volume V, between the throttle plate and intake valves; the engine displacement volUme, Vd which drives the crank shaft inertia and load dynamics. (1)
The block diagran of the fueling dynamics is on the top of figure 5. The fueling submodel above is clearly a very simplified view of the complicated physical processes which in reality govem the flow of fuel in the manifold. Nevertheless this model can be shown to represent the fuel flow dynamics sufficiently accurately for use in the engine model [2] . As it is impractical to measure fiif directly,
equations (1), (2) and (3) (5) where ncyl is the number of cylinders. The block diagram of equation (4) (6) Equation (6) is diagramed on the bottom of figure 5.
Equations (1), (2), (3), (4) and (6) (1) and (2), for Pf, Pp, Pb and ei in equation (4) and qsol and i8s in equation (6). The main tool for this is nonlinear regression analysis and carefully measured engine data.
The variable X and parameter rf in equations (1) and (2) represent a special case in this work. It is not possible to determine them from steady state engine memurements. To find these intemal variables accurately it was neessary to apply statistical identification techniques (Maximum Likelihood method and Kalman filtering) because of the noise level (see [2] ). The function which was found for X(a) for a OFI engine is approximately
where a is a constant and where ac, is the throttle angle when the throttle is closed. If it is desired to extend the modiel to another temperature range or engine type then a large seledion of work is reported in the literature (see [3] ).
In the shaft speed state equation there are four functions which must be found in order to integrate the differential equation: these are the various power expressions and the thermal efficiency.
Friction and pumping losses in an engine can together be expressed as polynomials in the shaft speed and the intake and exhaust manifold pressures [4] . The approximate expression used in the model is Pf + Pp = n(ao + aln + a2n2) + n(a4 + a4n)pfaf
It is possible to split the thermal efficiency into four more or less independent effects. One is lead to seek an expression of the form Ai( A, n pNan) = -fi(G, n).
qii(AI n) 71i(n)-;i(Pman) (9) All of these factors can be measured from steady state mapping data if the proper experiments are made. Figure 2 shows thermal efficiency data obtained for a l.1L Ford CFI engine plotted as a function of the engine speed. The dominant n dependence can be modelled physically by considering the coolant heat losses. One finds an expression for fli(n) which is 7l(n) = i7io(i -jil n-) (10) where nio iS approximately the efficiency of an ideal Otto engne (-0.45) , nil is a constant and b : 0.2. The function vji(p,,n) gives only a slight perturbation of the main functional dependence given of equation (10). Its effect only amounts to 1 or 2% and the form was found to be a parabola in pa. independent of n. It was determined as Yr(Puan) = P.o + P.ipan + Pu2PMa2 (11) where pRO, p., and pa are constants.
The equations which were found for the last two contributions to qi are given below.
,n(9, n) = EO + Gi(V9-2n + %3])2 (12) where the O's are all constants. The equation has been written in this form to emphasize it's simple geometry. Similarly to the spak advance dependence the function gij(A, n) can be modelled as a parabola close to a stoichiometric operating point, in the range of about 0.7 < A < 1.2.
7i(A,n) = Ao + AMA + A2A2 + APn (13) where the A's are constants. The n dependence in both equations is weak but significant. This equation assumes that the effective throttle area is given by fD2 (1 -cos(a-ao)) which is only an approximation. The true physical throttle area is actually a much more complicated expression (see [3] ) and in some cases it may be necessary to use a more exact expression. "prove" the model in any sense in spite of the clearly apparent accuracy. What table 1 does show is that with reasonable assumptions about the form of internal engine variables, the mean value model is capable of giving a mathematically consistent picture of engine operation in spite of nearly unavoidable systematic and statistical measuring errors. This is an extremely useful characteristic for such a simple model and suggests that it will be possible to fit it to most conventional SI engines with the accuracy allowed by the available experimental apparatus. In order to collect data for the dynamic model response experiment, a set of time responses was recorded using various engine input and load excitations. The tests were performed on an eddy current dynamometer on the 1.IL Ford engine modelled above. The control system was a conventional speed-throttle digital system utilizing engine map data. It could provide acceleration enrichment though without the accuracy necessary for low emissions and ideal air/fuel ratio control (A = 1). The main intention of the experiments was to move the engine over as large a portion of its operating range as possible, compatible with "normal operation'. As the engine was being controlled by a conventional type of control strategy, this strategy played a large part in the results obtained. In particular the control system showed itself to be improperly calibrated and had a tendency to run lean. This was not important as this only provided a more complete test of the mathematical mDdel.
The transient results which will be presented are for the engine being operated on a steep torque curve with a fast tip-in/-out throttle angle transient. For the simulation the mean value model was provided with the measured throttle angle, injected fuel flow and load. seen as an inexpensive engineering tool having wide applications to engine control probem. The model has also shown itself to be a useful teaching tool and thus is applicable to "expert system" application due to its minimal format.
Work is currently underway to construct model based control systems using the mean value engine model. This includes a condition monitoring facility as the model is obviously capable of "looking inside" an operating engine with only the sensors currently used for control. 6 
